This study examines reflow patterns in the recirculation period following complete, global ischemia, Cerebrospinal fluid (CSF) compression ischemia was in duced in ventilated rats for 5 -30 min, and local cerebral blood flow (CBF) was measured autoradiographically after 5,60, and 90 min of recirculation, Ischemia of 15 min duration was induced by four-vessel occlusion combined with arterial hypotension in two additional groups, with recovery periods of 5 or 60 min, In the immediate recir culation period (5 min), following 15 min of ischemia, local CBF was markedly heterogeneous, Thus, whereas most structures gave clear evidence of "reactive hyperemia," others showed perfusion defects of the "no-reflow" type, Typically these defects affected the
perfusion pressures, even if ischemia is sustained for 15 min (Fischer et aI. , 1979) . It is difficult to judge, therefore, whether the no-reflow phenome non, as originally described, is an experimental ar tefact or a pathophysiological entity. None of the studies quoted give information on natural reperfu sion or provide data on actual blood flow rates. Studies in which overall or regional CBF has been measured have focused interest on another type of postischemic circulatory disturbance. In this, recir culation typically leads to a transient increase in cerebral blood flow (CBF) {"reactive hyperemia" ; Haggendal et aI., 1970) , later to be followed by a secondary ("delayed" ) hypoperfusion (Zimmer et aI., 1971; Hossmann et aI., 1973; Snyder et aI., 1975; Hossmann, 1977; Nordstrom and Rehncrona, 1977; Tagaki et aI. , 1977; Steen et aI., 1978; Kofke et aI. , 1979; Levy et aI. , 1979; Miller et aI., 1980; Jackson et aI. , 198 1; Pulsinelli et aI., 1982a) . Since this time course is opposite to that described for the no-reflow phenomenon, it is tempting to conclude that if natural recirculation occurs at an adequate perfusion pressure, a true no-reflow phenomenon does not occur; rather, postischemic circulatory disturbances are dominated by delayed hypoperfu-sion (Hossmann, 1977) . This conclusion is corrobo rated by studies in which measurements of local CBF (lCBF) (with autoradiographic techniques) failed to disclose perfusion defects in the immediate postischemic period (Marshall et aI., 1975; Levy et aI., 1979; Pulsinelli et aI. , 1982a) , but clearly documented hypoperfusion in later stages of the re circulation period (Hallenbeck and Bradley, 1977; Nordstrom and Rehncrona, 1977; Ginsberg et aI., 1978; Hallenbeck and Furlow, 1979; Levy et aI., 1979; Pulsinelli et aI. , 1982a) .
The pathogenic importance, if any, of these post ischemic changes in CBF is not known. However, evidence exists that the initial hyperemia is a pre requisite for functional recovery, at least following long periods of ischemia (Hossmann et aI., 1973) . Furthermore, it has been speculated that the de layed hypoperfusion may add a secondary ischemic insult to the tissue, especially if the reduction in CBF is not matched by a corresponding lowering of metabolic rate (Snyder et aI. , 1975; Hossmann et aI., 1976; Levy and Duffy, 1977; Nordstrom and Rehncrona, 1977; Kofke et aI. , 1979; Levy et aI., 1979; Pulsinelli et aI. , 1982a,b) .
Any cell damage incurred after cerebral ischemia shows a preferential localization to certain selec tively vulnerable regions. The question arises, therefore, if such regions (e. g., the hippocampus, caudoputamen, and cerebral cortex) show a less extensive postischemic hyperemia (or overt perfu sion defects), and a more pronounced secondary hypoperfusion, than do less vulnerable regions. In the present study, we have induced compression ischemia of 5-30 min duration in rats ventilated with 30% 02170% N 20 and measured CBF au toradiographically after 5, 60, and 90 min. In order to determine whether the results were generally valid, or peculiar to cerebrospinal fluid (CSF) com pression ischemia, other animals were exposed to four-vessel occlusion of similar duration, with re covery periods of 5 and 60 min.
METHODS

Operative, sampling, and analytical techniques
All experiments were performed on male Wistar rats (350-400 g) of an S.P.F. strain (M�llegaard Av lslaboratorium, Copenhagen). The animals were not fasted before the operation. After induction of anesthesia with 3% halothane, the rats were tracheotomized and ar tificially ventilated with a mixture of 0.7% halothane in 30% 0,)70% N 20 during the subsequent operation. The femoral arteries, femoral veins, and one brachial artery were cannulated for blood sampling, continuous blood pressure recording, infusions, and injections. Gold-plated copper screws were inserted into the skull for electroen cephalogram (EEG) recordings. The animals then were paralyzed with tubocurarine chloride (2 mg kg-I, i. v.) and given heparin (100 IU, i. v.) . After completion of the sur gical procedure, the halothane supply was discontinued and ventilation was adjusted to give arterial oxygen (Pa02) and carbon dioxide (PaC02) tensions of about 100 and 33-40 mm Hg, respectively. The animals were allowed a steady-state period of 30 min before induction of isch emia.
Arterial blood was sampled anaerobically in glass capillaries for blood gas determinations. Pao2, Paco2, and pH were measured with microelectrodes (Eschweiler, Kiel, and Radiometer, Copenhagen), operated at 37°C, with corrections for the body temperature. Analyses of whole blood concentrations of glucose, lactate, and pyru vate were performed after sampling of arterial blood di rectly into liquid nitrogen. Statistical comparison was performed with Student's t test.
Reversible complete compression ischemia
Ischemia was induced as described by Ljunggren et al. (1974) and . The intracranial pressure was momentarily increased to at least 40 mm Hg above the systolic pressure by infusing an artificial CSF solution into the cisterna magna through a double barrelled needle, which allowed the intracranial pressure to be recorded simultaneously. The hypertensive reaction to increased intracranial pressure was minimized by i.v. infusion of Arfonad® (tri-methaphan-camphor-sulpho nate), often supplemented by arterial bleeding. During the ischemia, a fall in the intracranial temperature was pre vented by keeping a heating bulb at a predetermined dis tance from the head of the animal. We restored the cere bral perfusion pressure by discontinuing the cisternal in fusion and normalizing the blood pressure.
Reversible complete four-vessel-occlusion ischemia
The upper part of the sternum was removed to allow approach to the anterior aspect of the caudal part of the cervical column. The transverse process of the sixth ver tebra and the vertebral arteries and veins were identified on both sides. The vagus and sympathetic trunks were separated from the common carotid arteries. A no. 1 nylon thread was applied behind the esophagus, but in front of the common carotid arteries (leaving the nerve trunks outside), and it was then drawn with a needle through the paravertebral muscles bilaterally at the level C6-C7. A length of rubber tubing was threaded onto the ligature, where it rested on the common carotid arteries, to prevent injury to the vessel walls during compression. Some fibrous and muscle tissue was left between the thread and the vertebral arteries for the same purpose. Four-vessel occlusion was accomplished by tying the thread in the back of the animal. To compress collaterals, a cotton band was tied tight around the neck above the ligature. The trachea was kept outside the cotton band. Before vessel occlusion was started, blood pressure was lowered to about 50 mm Hg by i.v. infusion of Arfonad and kept at that level during the ischemia. If necessary, Arfonad infusion was supplemented by arterial bleeding. After 15 min of ischemia, we restored circulation in the brain by releasing the ties and normalizing the blood pres sure with blood infusion. During recirculation the venti lation volume was increased to counteract an increase in the PaC02, and small doses of sodium bicarbonate were injected i.v. to compensate for plasma acidosis.
The efficacy of the four-vessel occlusion was tested in two ways. In two animals ICBF was measured during ischemia with the autoradiographic technique described below. The films showed no activity in the brains. 'In six animals, we examined the accumulation of lactic acid in the ischemic brains. Following 15 min of four-vessel oc clusion plus hypotension, the brains were frozen in situ with the technique described by Ponten et al. (1973) . The brains were then chiseled out, and extracts from cerebral cortex were subsequently analyzed for contents of labile cerebral metabolites. Four sham-operated animals were used as controls. The results showed that, at the end of ischemia, the content of phosphocreatine had decreased to 0.18 ± 0.05 JLmol g-l, and that of ATP to 0.08 ± 0.02 JLmol g-l. Compared with that of the sham-operated ani mals, the lactic acid concentration of ischemic brain tis sue had increased by 13.1 ± 0.7 JLmol g-l (from 2.4-15.5 JLmol g-l), whereas the increase that could be expected to occur from the preischemic (control animals) contents of glucose and glycogen (�lactate = 2� glucose + 2�glyco gen) was calculated to be 14.0 ± 0.2 JLmol g-l. The results demonstrate, therefore, that the ischemia was complete, at least in the parts of the ischemic brains examined.
Measurement of ICBF
Local CBF was measured with the technique described by Landau et al. (1955) as modified by Sakurada et al. (1978) . Details of procedure have been given in previous communications (Abdul-Rahman et al., 1979; . In summary, 30-50 JLCi of[I4C]iodoantipyrine, dispensed in 0.4 ml of Krebs-Henseleit solution, was in fused i. v. at a constant rate for 30 s (45 s if a reduced ICBF was expected). Blood samples were obtained from the brachial artery catheter before, and every third second (fifth second for reduced ICBF) during the infusion. At 30 s (45 s) the animal was decapitated. The brain was then removed from the skull (within 2 min) and immediately immersed in isopenthane chilled to -55° to -65°C. The 14C activity in brain tissue (per unit mass) was evaluated by autoradiography. Slices of brain (20 JLm) were cut in a Leitz sledge microtome at -20°C and applied to an X-ray film, which was then exposed for 1 week. A series of calibrated 14C standards was applied to each film together with the brain slices. The film was then evaluated manu ally with a densitometer (McBeth; I-mm aperture).
Local CBF was calculated as described by Landau et al. (1955) . With the sampling modification used it was not possible to determine ICBF accurately at all flow rates. Structures whose activity was less than the lowest 14C standard were assigned flow values corresponding to that of the lowest standard. (This means that mean ICBF in some structures with reduced flow was slightly overesti mated.)
Experimental groups
Local CBF during recovery following complete com pression ischemia of 15 min duration was evaluated in three groups, each comprising six animals. Recirculation times after the end of ischemia were 5, 60, and 90 min, respectively.
To study the influence of the duration of ischemia on the occurrence of no-reflow, ICBF was measured in the early recovery phase (5 min) following ischemia of 5 and 1983 10 min duration, with two animals in each group; mea surements also were taken in three animals after 5 min of recirculation, following a short-lived (2-5 s) increase of the intracranial pressure above the blood pressure.
The possible effect of prolongation of ischemia on the rate of disappearance of no-reflow areas was evaluated in six animals. The animals were divided into three groups in which lCBF was measured following complete compres sion ischemia of 30 min duration, with recovery periods of 5, 30, and 90 min for each of the groups, respectively.
In two groups of six animals each, ICBF was studied after 5 and 60 min, respectively, of recirculation following 15 min of complete four-vessel-occlusion ischemia.
Control values for ICBF were obtained from animals kept artificially ventilated for periods corresponding to the duration of the experiments. Anesthesia, as well as operative and sampling techniques, were the same as in the experimental groups. Table 1 shows the physiological parameters in the main groups included in the present material. The ischemia did not alter plasma pH. Changes in body temperature, blood pressure, and Pco2 and P02 were small, and it seems less likely that they should have influenced lCBF in the recovery periods. However, it should be noted that some animals had mean arterial blood pressures below 120 mm Hg after 60 min of recovery (minimum value 110 mm Hg). Furthermore, after 5 min of recovery following four-vessel occlusion, the arterial Pco2 was in creased by about 6 mm Hg, and after 90 min of recovery following compression ischemia, Pco2 was reduced by about 5 mm Hg. Physiological parame ters in animals not included in the table were similar to those obtained in the main groups (data not shown).
RESULTS
Physiological parameters
Perfusion pressures
Since reperfusion following ischemia depends on an adequate perfusion pressure (see introductory discussion above), the latter was carefully moni tored. When the hypertensive response at the onset of ischemia was counteracted by i. v. infusion of Arfonad (supplemented by bleeding, if necessary), and when blood was reinfused at the termination of ischemia, changes in blood, intracranial, and perfu sion pressures were as illustrated in Fig. 1 . The fol lowing main features emerged. First, peak initial blood pressures did not exceed 160-170 mm Hg, and the immediate postischemic pressures did not fall below 100 mm Hg. Second, due to the rapid postischemic increase in blood pressure and the rapid fall in CSF pressure, the perfusion pressure rose above 100 mm Hg during the first 1-2 min. Third, although the cisterna magna pressure re- Values are means ± SEM . MA BP, mean arterial blood pressure; n, number of animals examined; R, recirculation .
mained elevated (30-50 mm Hg) in three animals, the perfusion pressure exceeded 100 mm Hg for at least 75 min. During the last 30 min, a few animals showed a secondary rise in CSF pressure, with a concomitant fall in perfusion pressure; however, these animals did not have lower ICBF values than did the remainder.
Following release of vascular occlusion and reinfusion of blood in the animals subjected to four-vessel occlusion, blood pressure rose to above 100 mm Hg within 1-2 min, reached values of 130 mm Hg in about 3 min, and remained at that level throughout the recirculation period. If one takes into account that reperfusion leads to a transient increase in intracranial pressure to about 25 mm Hg (with a peak occurring after about 5 min; Snyder et aI., 1975; Hossmann, 1977) , it is likely that restora tion of cerebral perfusion pressure was relatively similar in the two ischemic models.
Cerebral blood flow
Recirculation following ischemia-hyperemia versus l1o-reflow. Autoradiographic films of animals subjected to 15 min of compression ischemia and allowed 5 min of recirculation revealed the presence of flow defects (Fig. 2) . Densitometric readings verified that all six animals had no-reflow areas of varying size and extension. In one animal there were only small spots of no-reflow, 1-2 mm in di ameter ( Fig. 2A,B) . A second animal exhibited somewhat larger no-reflow patches (Fig. 2C,D) . All the others had extensive confluent no-reflow areas, in extreme cases covering more than 50% of a coro nal brain section ( Fig. 2E,F) . Typically, no-reflow areas were located in the central parts of the rostral forebrain-mainly in the striatum, hippocampus, amygdala, and thalamus. In the cortex the most characteristic finding was wedge-shaped flow de fects beginning in the subcortical white and ter minating in the intermediate layers of the frontal, sensorimotor, and parietal cortices (Fig. 2D) . Su perficial layers of the cortex were seldom involved. In one animal no-reflow patches were seen also in the brainstem and, in three animals, there were no reflow spots in the cerebellum.
Among factors that may influence the occurrence of a no-reflow phenomenon, postischemic perfusion pressure can be expected to be of special impor tance. Peak blood pressure values during the first 5 min of recirculation ranged between 145 and 190 mm Hg in different animals. Notably, the two ani mals with the least pronounced no-reflow had the highest blood pressure peaks.
The results in Fig. 2 emphasize the pronounced heterogeneity of ICBF both among animals and within regions in the same animal. In order to allow graphic illustration of local differences in ICBF, mean CBF values for the different structures were derived from at least six densitometric readings. Furthermore, to explore whether side differences could occur, each symmetric structure was read on the two sides. The results (Fig. 3) allow the follow ing conclusions. First, although the mean values showed that hyperemia occurred in the majority of structures, large variations occurred among ani mals. Such variations were extreme in structures prone to development of a no-reflow phenomenon (compare Fig. 2 ). In these, differences in reflow also often occurred between the two sides of individual 1983 brains. Second, in some other structures most (or all) of the CBF values measured were below control (frontal and auditory cortex, hippocampus, septal nucleus, and sensorimotor and parietal cortices).
The results led to three questions. First, is the appearance of a true no-reflow phenomenon an ex perimental artefact related to the ischemic model? Second, if this is not the case, what is the minimal experimental period required to elicit the phenome non? Third, does the duration of ischemia influence the conditions for restoration of flow in the no-flow areas? In order to provide answers to the first ques tion, six animals exposed to 15 min of four-vessel occlusion (see Methods) were studied. In four of these animals, areas of no-reflow were observed, with a distribution similar to that following com pression ischemia, but less extensive and with com paratively little engagement of the cerebral cortices (data not shown). We could exclude the possibility that no-reflow following four-vessel occlusion was due to a general hindrance of recirculation. Thus, if one compares ICBF in all structures not affected by the no-reflow phenomenon following compression ischemia and four-vessel occlusion, respectively, one finds that the latter model yielded ICBF values that appeared to exceed those observed after com pression ischemia (Fig. 4) .
To provide answers to the second question, re flow was studied in two animals after 5 min of com pression ischemia and in another two after 10 min. In addition, in order to explore whether or not the intracranial pressure per se affected reflow, three animals were subjected to only 2 -5 s of increase in the intracranial pressure before 5-min recirculation was initiated.
Following 2-5 s of ischemia, ICBF was within the ranges of control values in 20 of 25 structures (data not shown). However, in auditory, frontal, parietal, sensorimotor, and visual cortices, mean lCBF after 5 min of recirculation was 48, 59, 67, 67, and 71% of control, respectively. Thus, the increase in intracranial pressure per se induced neither hyperemia nor no-reflow, but it reduced CBF in several cerebral cortical areas (see Discussion).
The results of ICBF measurements after 5 min of recovery following compression ischemia of 5 and 10 min duration are shown in Fig. 5 . Five minutes of ischemia was followed by moderate to marked hyperemia in about 50% of the structures. Some what reduced flow rates were observed in frontal cortex, the geniculate bodies, hypothalamus, and mamillary body. There were no no-reflow areas. After 10 min of ischemia and 5 min of recirculation, there was hyperemia in the majority of structures. No-flow areas occurred, though, in frontal, sen- sorimotor, and parietal cortices, as well as in the caudoputamen, thalamus, inferior colliculus, and hippocampus. In these structures lCBF was ex tremely heterogeneous.
The third question concerns the time of resolution of no-reflow. It will be shown below that the no reflow areas observed after 5 min of recirculation, following 15 min of ischemia, had disappeared after 60 min of recirculation. Measurements of CBF fol lowing 30 min of compression ischemia showed large no-reflow areas after 5 min of recirculation, more extensive than after 15 min of ischemia, but with the same distribution (Fig. 6) . After 30 and 90 min of recovery, large patches of no-flow persisted, especially in striatum and thalamus, albeit less pro nounced than in the early recovery phase. Two further findings should be emphasized. First, al though some cortical and subcortical areas showed loci of high flow rates, true hyperemia (i. e. , an in-crease of CBF above normal) was not observed. Second, perfused regions had flow rates even lower than those given in Table 2 . Obviously, with such long ischemic periods, underperfusion of many brain structures may persist for at least an hour (see Discussion) .
Recirculation following ischemia-delayed hy poperfusion. In order to explore possible regional differences in the degree of delayed hypoperfusion (see introductory discussion above), lCBF was measured after 60 and 90 min of recirculation, fol lowing 15 min of compression ischemia. The au toradiographic pictures from brain sections after 60 min of recovery showed a much greater homogene ity than those obtained in the early recovery period. Thus, although some structures, especially the caudoputamen and the thalamus, appeared some what speckled, there were no no-reflow areas. After 90 min of recovery, the homogeneity within struc- ICBF per cent of control   o  100  200  300  400  I I  I  I I I  I I I , I I tures was even more prominent. Since the den sitometric readings confirmed the visual impression of homogeneity, mean values were calculated (Table 2) and have been given in percent of control in Fig. 7 .
The following results were observed. First, al though the mean lCBF values were usually lower in the 90-min than in the 60-min group, the differences were not large. Therefore, it seems permissible to use the combined data to indicate the degree of de layed hypoperfusion. Second, in spite of the uni form ischemic insult, the percentage reduction in lCBF was heterogeneous. For example, two struc tures had flow rates of less than 20% of control (frontal and auditory cortices), and two others had rates of more than 70% of control (cerebellum and inferior colliculus). The reduction of lCBF in frontal and auditory cortices (to 12-20% of control) be comes less extreme, though, if values are calculated in percent of awake control (20-30%). Third, rela tively large differences in flow rates occurred be tween cortical structures (frontal and sensorimotor cortices), and other "vulnerable" structures had relatively high CBF values (caudoputamen and hip pocampus).
As Table 2 shows, in the majority of structures analyzed, the percent reduction in flow rates after 60 min of recirculation was somewhat larger fol lowing four-vessel occlusion than following com pression ischemia. However, results obtained after plete four-vessel-occlusion ischemia (filled circles), respectively. In each group flow rate values from the two hemispheres were pooled. No-reflow occurred in both ischemic models (see text), but since unperfused areas were less extensive and never occupied a whole structure follow ing vascular occlusion ischemia, mean flow rates were always above zero in that group. four-vessel occlusion were similar in the sense that they confirmed the finding of marked heter ogeneities in reflow (cerebral cortices versus cere bellum, substantia nigra, and inferior colliculus).
DISCUSSION
When discussing the present results we will con sider in turn the circulatory events in the immediate postischemic period and those characterizing the later stages of the recirculation period. Before doing so, we wish to emphasize that, in some structures, the postischemic decrease in ICBF must have been exaggerated by the anesthetic procedure. Thus, in auditory and frontal cortices (also parietal cortex), CBF was curtailed considerably by a very short- lived increase in CSF pressure. These structures are the ones in which CBF is clearly raised above con trol by the anesthetic procedure (Dahlgren et al., 198 1) . It seems likely that the increase in CBF re flects the stress of anesthesia and immobilization, which is blunted by even very brief ischemia. At any rate, the results suggest that for these structures the true decrease in CBF following 15 min of isch emia should be assessed by comparisons with CBF values obtained in awake, unanesthetized animals, as was done in Fig. 7 .
No-reflow versus reactive hyperemia
Previous workers utilizing methods for direct measurements of CBF have concluded that, pro- difficult to deny that a true no-reflow occurs, since most studies have yielded overall CBF values; i.e., the methods have not allowed quantification of flow rates in structures prone to develop perfusion de- Values are means ± SEM (m l g-l min-I ) . R, recirculation .
fects upon vascular perfusion with carbon black. In this respect, the lCBF values reported by Hallen beck (Hallenbeck and Bradley, 1977; Hallenbeck and Furlow, 1979) or by Ginsberg et al. (1978) give no hints, since their measurements were confined to long recirculation periods (30-90 min). It would seem, therefore, that evidence against a primary no-reflow rests on the data reported by Marshall et al. (1975) , Levy et al. (1979) , and Pulsinelli et al. (l982a) . However, since Levy et al. (1979) induced incomplete ischemia (flow rates during ischemia were 0.03-0.32 ml g-I min-I), and since Pulsinelli's model spares brainstem structures, their results may not be applicable to situations for which a no reflow phenomenon has been claimed.
The present results unequivocally demonstrate that a true no-reflow phenomenon occurred fol lowing 15 min of ischemia, in spite of the fact that a normal perfusion pressure was quickly restored at the termination of the ischemia. With the compres sion model, perfusion defects were observed in spite of the hemodilution caused by the seeping of artificial CSF into the general circulation. The he matocrit in the preischemia period, after 15 min of ischemia, and after 60 min of recirculation, was 50 ± 1, 33 ± 1, and 38 ± 1%, respectively. We note that the perfusion defects (Fig. 2) are similar in dis tribution to those described by Cantu and Ames (1969) . In confirmation of data reported by that group, we found clear evidence of perfusion defects after 10 min of ischemia. However, after 15 min of ischemia the perfusion defects were more pro nounced than those reported by Fischer et al. (1979) . One characteristic finding, though, was the pronounced interanimal variation. Three observa tions should be emphasized. First, although it has previously been assumed that a no-reflow phenom enon should not accompany "bloodless" ischemia (Ginsberg et aI. , 1978) , the present results demon strate that it does. Second, since perfusion defects were observed following four-vessel occlusion, they are not peculiar to the CSF compression model. Third, perfusion impairments in the form of drasti cally reduced flow rates following 15 min of com pression ischemia did not persist, since CBF sub sequently became homogeneous in the affected areas (see below). However, unequivocal residues of no-reflow areas were observed after 90 min of recirculation following 30 min of compression isch emia. Thus, with extended periods of ischemia Hallenbeck and Furlow, 1979) the "delayed hypoperfusion" may not be a secondary event that follows upon an initial hyperemia, but would seem to represent a lingering perfusion defect that is already present in the begin ning of the recirculation period. One of the principal findings of the present study was the pronounced variability in reflow not only between animals, but also between structures (Figs. 2 -5). One finds that structures generally consid ered to be vulnerable (hippocampus, cerebral cor tices, caudoputamen, and thalamus) showed little evidence of postischemic hyperemia. Although this relationship may be fortuitous, one cannot exclude the possibility that it reflects the vulnerability of these structures.
In view of the present results, and those reported by others, we conclude that complete ischemia of whatever cause carries the potential of inducing a J Cereb Blood Flow Metabol, Vol. 3. No. 2, 1983 no-reflow phenomenon. Although this may be due, at least in part, to the fact that nonperfused vessels require a relatively high opening pressure, it re mains an unsolved problem why no-reflow areas develop first when the ischemia is of certain mini mal duration (about 10 min). Whatever is the expla nation, it seems likely that this phenomenon, by extending the period of ischemia of affected tissue, carries a risk. The findings emphasize the therapeu tic advantage of the "vascular flush" induced by full restoration (or an increase) of the postischemic perfusion pressure (Hossmann, 1977) .
Delayed hypo perfusion
The existence of a secondary hypoperfusion, the nature of which will be discussed in the accom panying paper (Kllgstrom et aI., 1983) , was estab lished by workers using methods for measuring overall or regional ("cortical") CBF. In the present context we will pay particular attention to those studies in which ICBF was assessed. In some of these (Hallenbeck and Bradley, 1977; Hallenbeck and Furlow, 1979) , the period of ischemia was so long that it appears likely that the reduction in CBF reflected a persistent no-reflow phenomenon (see above). A shorter period (15 min) was employed by Ginsberg et al. (1978) , who demonstrated a homogeneous reduction in CBF to 30-35% of con trol after 90 min of recirculation. However, since the ischemia was incomplete (see lactic acid values reported by Welsh et aI. , 1978) , and since barbitu rate anesthesia was used, their results are not di rectly comparable to those reported in our study. It is also difficult to compare our results with those reported by Pulsinelli et aI. (1982a) , who used an ischemic model that preserves flow to the brainstem structures.
The present (compression) model induces isch emia of uniform severity throughout the brain. Furthermore, the duration of ischemia is short enough to allow extensive recovery of cerebral energy state (Ljunggren et aI., 1974; Nordstrom et aI., 1978) . The results give novel information on several aspects. First, although a "weighted" mean of all ICBF values indicates that CBF was reduced by about 50%, the flow rates were markedly hetero geneous. Extreme examples were provided by frontal cortex (10-15% of control) and cerebellum (70-90% of control). Second, with few exceptions, values obtained after 60 and 90 min of recirculation were similar, suggesting that progressive worsening of the hypoperfusion did not occur. In the 60-to 90-min period, the structures showing a significant or suggestive decrease in CBF were mostly those in which a no-reflow phenomenon was observed after 5 min of recirculation. It is our tentative conclusion that in these structures the period of "hyperemia" was delayed. Third, although cerebral cortical structures, which showed relatively low CBF val ues after 5 min of recirculation, had a pronounced hypoperfusion after 60-90 min, and although the cerebellum showed just the opposite pattern, there was no strict relationship between "immediate" and "delayed" flow rates. For example, the hip pocampus maintained CBF values exceeding 50% of control at 60 and 90 min of recirculation.
As stated in the introduction, the main objective of the present study was to explore whether vulner able regions in the brain (e. g. , hippocampus, caudoputamen, and cerebral cortex) show special characteristics in their postischemic circulatory re sponses. It is clear from the present results that the only obvious correlation is that the vulnerable re gions either show absence of initial hyperemia, or an overt no-reflow phenomenon. However, it seems premature to exclude the possibility that the local ization of cell damage correlates with the degree of secondary hypoperfusion. Thus, in view of the fact that final cell damage "matures" over hours and days (Ito et al., 1975; Pulsinelli et al., 1982b) , the ultimate conclusion on this matter must await further histopathological analyses, after prolonged periods of recirculation following complete isch emIa.
